Water-oil and gas-oil relative permeability is a dominant factor controlling the multiphase flow of immiscible oil, water and gas phases in sandstone or carbonate porous media, and strongly effect the ultimate economics of all production or injection operations to recover oil and associated solution/free gas. This paper describes a correlation study conducted on over 60 different sandstone and carbonate producing formations/samples from various locations in the Western Canadian Sedimentary Basin (WCSB) to attempt to draw correlations between relative permeability and various parameters such as wettability, formation permeability and porosity, in-situ oil viscosity, etc. Many classical trends were observed for water displacements, but also previously unknown correlations of relative permeability for gas-oil systems are presented, providing a valuable dataset for the overall evaluation of the range of wetting and relative permeability properties encountered in typical WCSB producing oil formations.
INTRODUCTION
Relative permeability is arguably the strongest controlling factor in determining the motion of immiscible oil, water and gas phases in porous media. Although relative permeability is simply an experimentally determined adjustment coefficient that accounts for the very complex interfering effects associated with the immiscible flow of different phases in porous media, the configuration and shape of the relative permeability curves encompass all reservoir flow parameters and are impacted by variables such as [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] : 1. Pore system geometry/mineralogy 2. Permeability/porosity 3. Formation wettability 4. Fluid viscosity and interfacial tension 5. Advance/displacement rate 6. Confining overburden pressure 7. Presence of trapped/immobile phases Since relative permeability is such a strong controlling factor in determining reservoir performance, accurate determination of water-oil and gas-oil relative permeability character for a formation matrix is essential for accurate prediction and optimization purposes. Although a variety of correlations to 'predict' relative permeability are available, considerable variance can be present in the predicted results, and experimental measurements still provide the most accurate method of determination. This paper does not concentrate on relative permeability measurement methods in the laboratory, other than to state that the importance of proper duplication of downhole conditions during the measurement is essential so that the correct wettability, initial water, oil or gas saturation conditions, viscosity ratio, interfacial tension ratio, density and advance rate can be duplicated to match actual reservoir conditions. It has been demonstrated that using non-reservoir core, fluids or conditions can substantially impact the quality of the measured relative permeability data, making it highly misleading in many situations. Table 1 provides the relative permeability database used in this work. This data was collected from over 60 different reservoir/sample locations in the WCSB over the last five years by the authors. This encompasses a variety of typical producing formation including: -Low, medium and high permeability consolidated and unconsolidated sandstone formations.
RELATIVE PERMEABILITY DATABASE
-Low, medium and high permeability limestone and dolomite producing formations (both intercrystalline and vugular -no fractured formations or cores were tested in this work).
-Oil gravities ranging from 10-50 API and in-situ oil viscosities from 0.1 to over 2500 mPa.s.
-Permeability ranging from 0.1 to over 20,000 mD.
-Porosity ranging from 2% to 40%.
It should be emphasized the formations were randomly selected from the available data to cover as wide a range of formation types and properties as possible from regional WCSB formations. The correlations and conclusions derived in this work may not be applicable to other regions and geological basins in the world. In some cases, the available number of data points is inadequate to draw definable conclusions.
The database contained in summary form in Table 1 contains, for each sample/formation, the following data (where available). Table 2 summarizes the analysis of the database divided into classifications of strongly oil-wet, strongly water-wet and neutral wettability for WCSB sandstone and carbonate oil producing formations. This data has been plotted and appears as Figures 1 and 2 . Wettability index by the USBM method is calculated using integrated drainage and imbibition capillary pressure data. In general, a USBM index of less than -0.2 would be classified as oil-wet (the lower the index, the more strongly oil-wet the formation). USBM indices between 0.2 and +0.2 would fall into a neutral wettability range, and values over +0.2 would be water-wet (the greater the value, the stronger the water-wet tendency). Examination of the data suggests that:
1. Carbonate formations, in general, tend to have a much higher overall percentage of what would be classified as strongly oil-wet wettability (63%) versus sandstones (29%). This is in line with expectation from other previously conducted wettability studies in the literature.
2. Surprisingly, near comparable fractions (25-30%) from both WCSB sandstones and carbonates were strongly water-wet.
3. Another major variation was that the largest percentage of sandstone formations tended to fall into the classification of near neutral wettability (over 45%), in contrast to only about 7% of carbonates falling into the neutral wetting range.
Simple average composite wettability of all the sandstone and carbonate samples evaluated in the study are summarized in Table 3 and plotted as Figure 3 . This indicates that carbonates, on average, are slightly more oil-wet in the WCSB than sandstones, but that the overall difference between the two formation types on an 'averaged' basis is not as extreme as may previously been thought, with both averages tending to fall on the slightly oil-wet side of neutral.
Wettability Trends versus Reservoir Parameters
Very little work has been conducted to attempt to correlate wettability with other parameters than formation type. In this work, we investigated whether trends could be demonstrated between measured wettability with basic reservoir parameters such as oil viscosity, permeability and porosity. Surprising correlations were observed in many cases. Figure 4 illustrates a plot of in-situ oil viscosity versus measured USBM wettability index for all of the formations tested in the study. This data suggests that, as in-situ oil viscosity increases, the apparent water wetness of the formation also increases. These data are somewhat biased for the WCSB, since most of the extremely viscous oils are contained in unconsolidated sands which, in general, appear to exhibit neutral to slightly water-wet wettability character. Figure 5 indicates the correlation between absolute permeability (measured from surface routine core analysis) versus USBM wettability index for all of the sandstone and carbonate formations tested. Once again, a trend is observed with increasing water-wet behavior in the higher permeability formations. This is again reflective of the WCSB, where many of the lower permeability formations are carbonates and high to very high permeability rocks represent unconsolidated sands. A similar trend is present in Figure 6 where porosity is plotted against wettability.
Impact of Wettability, Relative Permeability, Viscosity and Permeability on Water and Gas Displacement Effectiveness for WCSB Sandstones and Carbonates Figure 7 plots percent recovery of original oil in place (OOIP) by waterflood versus USBM wettability index. Classically, in some older non-WCSB wettability surveys, there appeared to be a minimum residual oil saturation in the neutral wettability region (e.g., neutral wet formations had the highest recovery of OOIP to waterflood), but this work shows a slight increasing trend in recovery with increasing water wetness as one moves from strongly oil-wet (45-50% recovery of OOIP) to strongly water-wet (55-60% recovery of OOIP). This trend appears to be consistent given the dataset presented. Figure 8 illustrates the effect of oil-water viscosity ratio on waterflood recovery effectiveness. As expected, a decreasing trend in recovery efficiency is observed as oil-water viscosity ratio increases, falling from about 60% recovery at favorable ratios of less than 1 to about 30% at adverse ratios over 2500. Figure 9 illustrates waterflood recovery as a function of the absolute permeability of the formation tested. Surprisingly, there is little correlation with an almost flat overall trend. Once again, this is likely partly impacted by the fact that most of the high permeability points correspond to heavy oil applications that have high oil viscosities (which lowers recovery). However, it can be seen, on an overall comparative basis, that in the WCSB, the absolute permeability of the formation does not appear to have as much impact on oil recovery as the viscosity ratio and inherent wettability of the rock. This, of course, assumes that permeability is high enough in the formation that water injection and sweep can practically occur (no ultra tight (<0.1 mD Kair) rocks were evaluated in this work as they are not normally considered to be viable waterflood candidates). Figure 10 illustrates the effect of formation wettability on recovery by gasflood in the cross section of WCSB formations. Not as many data points were available for gasflooding as waterflooding, reducing the reliability of the predictions generated. However, a general increasing trend in recovery effectiveness as the formation moves from oil-wet to water-wet is noted, comparable in trend, but less significant, in overall magnitude to that observed with water displacement. These results suggest that when oil is the wetting phase, surface adhesion and reduced relative permeability reduce apparent recovery effectiveness to gas. This would suggest, based on this work, that in the WCSB, the more strongly water-wet the rock, the better the expected ultimate recovery of OOIP to both gas and water displacement. This does not mean that water or gas flooding in oil-wet zones will be uneconomic, simply that they will be less efficient in the speed and extent of oil recovery observed in a comparable, strongly water-wet formation. Figure 11 plots gasflood recovery versus oil to gas viscosity ratio. Once again, in a similar fashion to the water-oil data, gasflood recovery efficiency decreases with increasing oil to gas viscosity ratio. Figure 12 plots gasflood recovery effectiveness versus formation absolute permeability (from routine core analysis). Once again, a strong trend is not observed (perhaps due to the preponderance of high viscosity oils in the high permeability samples), indicating the absolute reservoir permeability for gasflood recovery is not as dominant a variable as viscosity ratio and formation wettability. Figure 13 illustrates initial water saturation versus absolute permeability for differing wettability types. This is a very valuable tool in diagnosing formation wettability from field log or initial water saturation analysis, as it can be seen that for strongly water-wet rocks, there is a distinct correlation of water saturation with permeability, with the 'tight' rocks having high water saturation as expected, and with a reducing trend in initial water saturation with increasing permeability. This is consistent with the known affinity of the wetting water phase for the tight microporosity. For the neutral and oil wet rock, the Swi versus absolute permeability trend is fairly flat, with much lower average initial water saturations for the oilwet porous media (15-20% versus 15-40% for water wet) and very little variation of the water saturation with permeability. This is consistent with the fact that, in oilwet rock, the water saturation is contained as discontinuous globules in the center of the pore spaces and hence is not strongly affected by permeability. The initial water saturations for neutral wet rocks fall in between the oil and water wet cases and, once again, exhibit a much weaker trend with permeability.
Impact of Wettability on Initial Water Saturation

Parameters
Impacting Water-Oil Relative Permeability Figure 14 plots residual oil saturation to waterflood versus permeability for differing wettability types. As mentioned previously, when all data is considered exclusive of wettability, no strong trend with permeability appears to exist. When the data is broken down into different wettability types, however, although the trends are weak, it appears that, at least for strongly water-wet rock, residual oil saturation is increased as permeability increases, likely once again due to high viscosity ratio and snap-off effects in the high permeability rock. On a percent recovery OOIP basis ( Figure 15 ) for all three wettability types, recovery drops slightly as permeability increases (once again reflective of more adverse viscosity ratios in the higher permeability rock samples). Figure 16 illustrates viscosity ratio effect for varying wettabilities on waterflood recovery. For strongly waterwet rock, recovery drops as expected with increased viscosity. For oil-wet rock, recovery actually appears to improve slightly at more adverse viscosity ratios; the cause for this is not immediately apparent, and more data points are required to validate the conclusion. Figure 17 plots Krw/Kro endpoint relative permeability ratio versus USBM wettability index for the water displacements. A strong decreasing trend is apparent, in line with classic expectation (strongly oil-wet rocks tend to have much higher Krw due to limited surface frictional drag effects). Figure 18 plots Krw/Kro ratio versus absolute permeability and Figure 19 versus oil-water viscosity ratio. Both these figures show decreasing trends in Krw/Kro ratio with both permeability and viscosity ratio (the viscosity trend is particularly strong). This effect has been noted in other studies.
Parameters Impacting Gas-Oil Relative Permeability
Figure 20 plots residual oil saturation to gasflood versus permeability for differing wettability types. As mentioned previously, when all data is considered exclusive of wettability, no strong trend with permeability appears to exist. When the data are divided into wettability types, dramatic trends become apparent with strongly water-wet rock exhibiting much lower residual oil saturations to gasflood at high permeability than strongly oil or neutral wet rocks where the residual oil saturation appears to increase (due to increased apparent channeling and bypassing effects) as permeability increases. In a comparable manner, recovery effectiveness is the mirror image of the residual oil saturation (Figure 21 ). Figure 22 illustrates viscosity ratio effect for varying wettabilities on gasflood recovery. For strongly water and oil wet rock, recovery drops as expected with increased viscosity. Insufficient data is available for the neutral wet scenario to draw definitive conclusions. Figure 23 plots Krg/Kro endpoint relative permeability ratio versus USBM wettability index for the gas displacements. A strong decreasing trend is apparent (strongly oil-wet rocks tend to have much higher Krg). To the authors' knowledge, this is the first data of this kind to be examined. Classically, since gas is a nonwetting phase, its relative permeability has been assumed to be independent of wettability; however, this data indicates otherwise. More data will be required to define the exact mechanism causing the effect, but a distinct trend based on the limited data available to date appears to be present. Figure 24 plots Krg/Kro ratio versus absolute permeability and Figure 25 versus oil-water viscosity ratio. Both these figures show decreasing trends in Krw/Kro ratio with both permeability and viscosity ratio for the water-wet rock (the viscosity trend is particularly strong). Little correlation with viscosity ratio and permeability appears to be present for the oil or neutral wet formations.
CORRELATIONS
Based on the presented data, correlations have been developed for the prediction of various relative permeability parameters for WCSB formations. It should be noted that, when using the correlations, they have been developed based on both a limited and randomly selected dataset of formations to attempt to provide a broad overview of conditions in the WCSB, and they may not be applicable for other areas or all formations in the WCSB. Regression coefficients on the correlations are typically low (0.1-0.4 range), due to the considerable scatter in the dataset, so readers should be cautioned that the correlations are intended to provide general trends, rather than specific exact numbers for a given formation. The basis of the correlations are, in the absence of the vastly preferred mode of having real measured data, to provide a starting point for the approximation of the relative permeability character of various formations for preliminary evaluation purposes. 
CONCLUSIONS
This paper has reviewed and correlated formation properties and their impact on relative permeability and recovery efficiency for a cross section of over 60 different producing formations/samples from the Western Canadian Sedimentary Basin (WCSB). The data suggest that:
1. On average sandstones in the WCSB tend to be more inclined to water wetness or neutral wettability behavior than carbonates, which are predominantly moderately to strongly oil wet.
2. Initial water saturation was found to correlate strongly with permeability for water wet rocks. Initial water saturation was much lower, and did not correlate strongly with permeability for WCSB oil wet reservoirs.
3. Recovery efficiency to both water and gasflooding was found to increase in formations exhibiting more water wet behavior in sandstones and carbonates in the WCSB sample set surveyed.
4. Correlations between both absolute formation permeability and oil to water viscosity ratio with wettability were found to exist in sandstone and carbonate formations in the WCSB. Higher permeability formations and more adverse oil to water viscosity ratios (reservoirs containing high viscosity oils) both tended to exhibit more water-wet behavior. This dataset may be unique to the WCSB, as the majority of high permeability formations evaluated in the study contain viscous bitumen, possibly resulting in bias of the overall dataset for other areas or high perm formation types not containing bitumen.
5.
A correlation was also determined between Krw/Kro and Krg/Kro endpoint relative permeability ratio versus permeability for WCSB sediments. In general a strong increasing trend in Krw/Kro ratio was observed as formation became more oil wet, in agreement of classic expectation. A similar trend (less strongly pronounced but still evident) was also noted as rocks became more oil wet for the Krg/Kro ratio. 
